
Actual MO and Energy Diagram for N2 

Mixing of 2S and 2P orbital occur because of small energy  
gap between them. 2s and 2p electrons feel not so  
different effective nuclear charge.  
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Single-electron wavefunctions, or orbitals, are the mathematical constructs used to describe the multi-electron wavefunction of
molecules. Because the highest-lying orbitals are responsible for chemical properties, they are of particular interest. To observe
these orbitals change as bonds are formed and broken is to observe the essence of chemistry. Yet single orbitals are difficult to
observe experimentally, and until now, this has been impossible on the timescale of chemical reactions. Here we demonstrate that
the full three-dimensional structure of a single orbital can be imaged by a seemingly unlikely technique, using high harmonics
generated from intense femtosecond laser pulses focused on aligned molecules. Applying this approach to a series of molecular
alignments, we accomplish a tomographic reconstruction of the highest occupied molecular orbital of N2. The method also allows
us to follow the attosecond dynamics of an electron wave packet.

The electrons that make up molecules are organized by energy in
orbitals1,2. Although total electron density in molecules is routinely
measured by X-ray diffraction or electron scattering, only two
methods are able to ‘see’ the highest occupied molecular orbitals
(HOMOs)—electron momentum spectroscopy and scanning tun-
nelling microscopy. Electron momentum spectroscopy3 is an (e, 2e)
scattering technique that can determine the radially averaged
density of the outermost valence electrons. Scanning tunnelling
microscopy4 gives the electron density, distorted by surface states.
We show that high harmonic emission frommolecules5–11 allows the
three-dimensional shape of the highest electronic orbital to be
measured, including the relative phase of components of the
wavefunction. Our results may be compared with predictions of
the various models that are used to describe many-electron sys-
tems12, such as the Hartree–Fock, the Kohn–Sham and the Dyson
approaches.

If we can measure orbitals with femtosecond laser technology, we
can also observe orbital changes occurring on the timescale of
chemical reactions. The next challenge will be to measure attosecond
bound-state electron dynamics. We show that imaging orbitals can
be extended to imaging coherent electron motion in atoms or
molecules. Quantum mechanically, electron motion is described
by a coherent superposition of electronic states. This is the closest
that quantum mechanics allows to imaging the ‘Bohr orbital
motion’ of electrons.

Tomographic imaging of a molecular orbital is achieved in three
crucial steps. (1) Alignment of the molecular axis in the laboratory
frame. (2) Selective ionization of the orbital. (3) Projection of the
state onto a coherent set of plane waves.

Alignment of gas-phase molecules
Computed tomography refers to the technology of retrieving
sectional images of an object, such as a human body, from a series
of one-dimensional projections13. For a projection direction fixed in
the laboratory frame, the object must be rotated. Thus, we begin by
discussing how molecules can be aligned14.

A relatively intense, non-resonant laser pulse induces a Stark
shift of the ground state of molecules that depends on the angle of
the molecular axis to the laser polarization15. It has been demon-
strated that gas-phase molecules can be aligned adiabatically16,
aligned in three dimensions17 or oriented18. We use non-adiabatic

alignment19,20. It results in field-free alignment of linear molecules
well after the aligning pulse has terminated. A 60-fs laser pulse
produces a rotational wave packet in N2. This wave packet periodi-
cally rephases, giving periods when themolecular axes are aligned in
space. The probe pulse coincides with the first half-revival at 4.1 ps
(ref. 20). The degree of angular alignment is good enough to see a
difference in the harmonic spectra for a 58 rotation of the alignment
direction.

High harmonic generation from molecules
High harmonics are produced by ionizing atoms or molecules. We
choose to operate in the tunnel ionization regime21 because the rate of
tunnel ionization depends exponentially on the ionization potential.
Hence the orbital with the lowest ionization potential (theHOMO in
an unexcited molecule) is preferentially selected. This is the second
requirement for tomographic imaging of a single molecular orbital.
The third requirement for tomography is that we can take a series

of projected images of the molecular orbital. For this we record
high harmonic emission generated from the molecule itself. High
harmonics have been extensively studied from atoms, whereas
harmonics from molecules have been studied with isotropic distri-
butions5,6 or with weak alignment7. It has been observed8–11 both
experimentally and numerically, that harmonic emission from
aligned molecules is sensitive to both the alignment angle and
to the spatial structure of the electronic wavefunction. These
observations provide the basis for our analysis.
High harmonic generation is understood using the three-step

quasi-static model22—(1) tunnel ionization by an intense low-
frequency laser field, (2) acceleration of the free electron, and (3)
re-collision. Tunnel ionization coherently transfers a part of the
bound-state electronwavefunction to the continuum.Once free, the
strong laser field dominates the motion of the continuum electron
wave packet. First it propagates away from the molecule (Fig. 1a)
and is then driven back after the field reverses its direction. Figure 1b
shows the re-colliding wave packet expanding laterally. By the time
of re-collision, the electron wave packet has a typical transverse 1/e
width of 9 Å for 800-nm laser fields23,24. Because the wave packet is
much larger than the size of small molecules (typically ,1 Å,
shown by the lines in Fig. 1b), the molecule sees essentially a
plane electron wave re-colliding. We will see that the planar nature
of the re-collision electron allows us to experimentally retrieve a
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S-P Mixing of Atomic Orbitals 

Mixing of 2S and 2P orbital occur because of small energy gap between them. 
2s and 2p electrons feels not so different effective nuclear charge.  3	



s-p Mixing: B2 magnetism confirms it! 

Boron is paramagnetic. This can only happen if the two electrons with  
parallel spin are in the p-orbitals à p-bonding energies lower than s*? 

Incorrect! 
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MO Energy Diagram for F2 

Less mixing of S and P orbital because of higher energy 
Gap between 2S and 2P levels in Oxygen and Fluorine! 
2s and 2p electrons feels very different nuclear charge  5	



MO Energy Diagram  (Homo-Diatomics) 

Bond Order = ½ (# of bonding electrons - # of antibonding electrons) 
Bond order = 0 à molecular can not exist – No bond formation 
Bond order higher à stronger bond, shorter bond length 6	



Bond order, strength, length... 
...magnetism can be explained 

Paired Spins: Diamagnetic 
Unpaired spins: Paramagnetic 
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Hetero-nuclear Diatomics: HF 

Electronegativity of F  
much more than H (as  
Zeff more than H):  
 
Electrostatic potentials 
can be computed which  
gives a realistic picture  
of the electron densities 
in HF: “Egg” Shaped 

8	



Hetero-Diatomics: CO 
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http://www.meta-synthesis.com/webbook/39_diatomics/diatomics.html 



Carbonyl complexes  

Carbon atom: 
 s-donor = dative bond , p-acceptor = back bonding 

Synergistic effect 



Why is CO a poisonous gas? 

Hemoglobin (Hb): Transports O2 and CO2 in blood 

O2-Hb, CO2-Hb: Reversible 

CO2-Hb: Almost irreversible, half life of several hours 



CO: Cases of S-P Mixing of two atoms 
having different Zeff 
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